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We evaluated the performance of a semiquantitative food frequency questionnaire (SFFQ), the Automated SelfAdministered 24-Hour Dietary Recall (ASA24), and 7-day dietary records (7DDRs), in comparison with biomarkers, in the estimation of nutrient intakes among 627 women in the Women's Lifestyle Validation Study (United States, 2010 -2012 . Two paper SFFQs, 1 Web-based SFFQ, 4 ASA24s (beta version), 2 7DDRs, 4 24-hour urine samples, 1 doubly labeled water measurement (repeated among 76 participants), and 2 fasting blood samples were collected over a 15-month period. The dietary variables evaluated were energy, energy-adjusted intakes of protein, sodium, potassium, and specific fatty acids, carotenoids, α-tocopherol, retinol, and folate. In general, relative to biomarkers, averaged ASA24s had lower validity than the SFFQ completed at the end of the data-collection year (SFFQ2); SFFQ2 had slightly lower validity than 1 7DDR; the averaged SFFQs had validity similar to that of 1 7DDR; and the averaged 7DDRs had the highest validity. The deattenuated correlation of energy-adjusted protein intake assessed by SFFQ2 with its biomarker was 0.46, similar to its correlation with 7DDRs (deattenuated r = 0.54). These data indicate that the SFFQ2 provides reasonably valid measurements of energy-adjusted intake for most of the nutrients assessed in our study, consistent with earlier conclusions derived using 7DDRs as the comparison method. The ASA24 needs further evaluation for use in large population studies, but an average of 3 days of measurement will not be sufficient for some important nutrients. biomarkers; concentration biomarkers; diet records; food frequency questionnaires; nutrient intakes; recall; recovery biomarkers; relative validity Abbreviations: ASA24, Automated Self-Administered 24-Hour Dietary Recall; 7DDR, 7-day dietary record; DLW, doubly labeled water; FFQ, food frequency questionnaire; ICC, intraclass correlation coefficient; SFFQ, semiquantitative food frequency questionnaire; WebFFQ, Web-based version of the paper SFFQ.
In large cohort studies of diet and health outcomes, food frequency questionnaires (FFQs) have been the primary method of dietary assessment because they can be self-administered, can be efficiently processed, and provide data on individual intakes of both foods and nutrients over an extended period of time (1) . The validity of these questionnaires for measuring long-term diet has been evaluated extensively in many studies, indicating a moderate-to-strong concordance with dietary records or 24-hour dietary recalls (1, 2) . However, correlated errors between FFQs, diet records, and recalls may tend to overestimate the validity of FFQs. Conversely, both comparison methods have their own sources of error, which would tend to underestimate the validity of the FFQ. To overcome these limitations, biomarkers have been utilized as the reference method for evaluating the performance of other dietary methods (2) .
Recovery biomarkers of absolute intake, such as urinary nitrogen (to assess protein intake), potassium, and sodium levels, are based on the balance between intake and output; they estimate absolute intakes over a certain time period (3) . Concentration biomarkers reflect dietary composition but cannot be directly translated to absolute intakes because blood levels are influenced by numerous physiological and environmental factors in addition to diet (3, 4) . Despite these limitations, concentration biomarkers can serve as objective reference measures for assessment of the relative validity of different dietary assessment methods (3, (5) (6) (7) .
Many investigators have evaluated the performance of FFQs and 24-hour recalls against intake biomarkers. Most recently, in a pooled analysis of 5 validation studies, Freedman et al. (8, 9) examined correlations between FFQ or 24-hour recalls and biomarkers for energy, protein, sodium, and potassium. In general, FFQs had stronger correlations with biomarkers for protein density (percentage of energy derived from protein) than for absolute protein intake; multiple 24-hour recalls performed better than a single recall in measuring energy and protein density; and modest correlations were observed between energyadjusted sodium and potassium intakes assessed by FFQs or multiple 24-hour recalls and biomarkers (6, (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . Studies that evaluated the performance of a semiquantitative FFQ (SFFQ) against concentration biomarkers documented that intakes of specific carotenoids, fatty acids, and vitamins were poorly-to-moderately correlated with their corresponding biological fluid or tissue levels (18) (19) (20) (21) (22) (23) (24) (25) . Interpretation of findings from validation studies using biomarkers requires careful consideration of their variation in diet by season, the time frame of data collection, and the temporal relationships among the dietary methods (3, 6, (26) (27) (28) . Limitations in most existing studies include the facts that few nutrient biomarkers were evaluated and that replicate biomarker measurements were taken only in small subgroups, if at all, with a relatively short time interval between measurements, which would not adequately account for within-person variation over a year (29) (30) (31) . Furthermore, the biomarker measurements were often collected close in time to 24-hour recalls, which may have produced overestimation of the validity of the 24-hour recalls due to correlated within-person variation between the 2 methods, if they both reflect short-term intake.
To address these issues, we evaluated the relative validity of multiple self-reporting dietary assessment methods over a 15-month period in comparison with repeated biomarker measurements. Different dietary methods were used at least several weeks apart and in random order to avoid artificially high correlations. We evaluated the performance of paper and Web versions of an SFFQ, the Harvard or Willett FFQ (32-34), which has been widely used in many cohort studies; the Automated Self-Administered 24-Hour Dietary Recall (ASA24; beta version) developed by the National Cancer Institute (35); and 7-day dietary records (7DDRs), a commonly used "gold standard" method. The study participants completed 2 paper SFFQs (SFFQ1, which was completed at study baseline, and SFFQ2, completed at the end of the data-collection year) and 1 online SFFQ 2 weeks before or after completion of the second SFFQ.
METHODS
The current analysis was based on the Women's Lifestyle Validation Study, one of 3 studies that comprise the Multi-Cohort Eating and Activity Study for Understanding Reporting Error (MEASURE), designed to investigate the measurement error structure associated with self-reported dietary and physical activity assessments (36) . The Women's Lifestyle Validation Study was conducted within the Nurses' Health Study (37) and Nurses' Health Study II (38, 39) . The study has been described in detail previously (40) . This analysis was approved by the human subjects committees of the Harvard T.H. Chan School of Public Health and Brigham and Women's Hospital.
To represent the 1-year period typically used as the time frame for dietary questionnaires, we spread the dietary and biomarker measurements out over a period of approximately 15 months, altered the order of measurements into 4 groups, and randomized participants into these groups ( Figure 1 ). The 15-month study period was divided into 5 phases, with each phase representing a 3-month interval. In addition to the self-reported Figure 1 . Timeline of the dietary assessment activities undertaken by group 1 participants in the Women's Lifestyle Validation Study, United States, 2010-2012. The study participants completed 2 paper semiquantitative food frequency questionnaires (SFFQs)-SFFQ1, which was completed at study baseline, and SFFQ2, completed at the end of the data-collection year-and 1 Web-based food frequency questionnaire (WebFFQ) 2 weeks before or after completion of the second SFFQ. Group 3 had the same data collection timeline as group 1; groups 2 and 4 were assigned similar data collection timelines as group 1, except that groups 2 and 4 were asked to complete 7-day dietary records (7DDRs) and give fasting blood samples in study phases 2 and 4 instead. The first doubly labeled water (DLW) measurement (DLW1) was completed in phases 1, 2, 3, and 4 of the study by women in groups 1, 2, 3, and 4, respectively. A subgroup of women in group 1 completed a second DLW measurement (DLW2) at 9, 12, or 15 months (mo.). Within the same phase, 7DDRs, Automated Self-Administered 24-Hour Dietary Recalls (ASA24s), DLW, 24-hour urine samples, and blood samples were completed 1-5 weeks apart to avoid artificially high correlations. For groups 1 and 3, the ASA24 was completed first, followed by the 7DDR in phase 1, but this order was reversed in phase 3. For groups 2 and 4, the 7DDR was completed first, followed by the ASA24 in phase 2, but this order was reversed in phase 4. Additionally, groups 1 and 3 completed the WebFFQ about 2 weeks before completion of SFFQ2, and groups 2 and 4 about 2 weeks after completion of SFFQ2. To minimize alteration in eating behavior, the participants were not told in advance the day on which they would be asked to complete the ASA24; days were randomly selected and may or may not have included a weekend day.
dietary data, participants also underwent doubly labeled water (DLW) assessment (once for all participants randomly over a period of 1 year, with a subset of women having the first measurement in phase 1 and a repeated measurement 6-12 months later), gave 4 24-hour urine samples (once each season), and had 2 blood samples taken approximately 6 months apart. By design, within the same phase of the study, the 7DDRs, ASA24s, DLW, 24-hour urine samples, and blood samples were collected 1-5 weeks apart from each other and in random order to avoid artificially high correlations (6, 41) . Notably, not all participants had the designed number of measurements of each method due to both lower participation rates for the ASA24 and budget constraints for analysis of samples. Among 796 participants enrolled, we excluded those with SFFQ energy intakes less than 600 kcal/day or more than 3,500 kcal/day or with more than 70 blank SFFQ items (24 for SFFQ1 and 17 for SFFQ2). Our primary analysis included 627 participants with complete data for SFFQ1, SFFQ2, a Web-based version of the paper SFFQ that was enhanced by the use of branched questions (WebFFQ), and at least 1 of the following: 7DDR, ASA24, DLW, 24-hour urinary measurement, and fasting blood measurement.
Self-reported dietary methods
As described previously, the 152-food-item paper SFFQs were mailed to and completed by the participants. 7DDRs were completed by the participants, each of whom received an Escali food scale (Escali Corporation, Burnsville, Minnesota) and ruler, an instructional DVD, and instructions via telephone for keeping the 7DDRs. Participants measured and reported gram weights for foods before and after eating so actual intake could be computed, and they provided recipes of all home-prepared foods, including the number of servings in each recipe and the portion of the recipe they had consumed. Dietary supplements taken were also recorded. Participants self-administered the WebFFQ and ASA24 online. Because the beta version of ASA24 did not include supplement intake, we could only use ASA24 nutrients from food in our analyses. The ASA24 data were cleaned by the National Cancer Institute group that developed the ASA24, using their standard process to detect errors and extreme values.
For the SFFQ and WebFFQ, we derived values for fatty acid variables using the updated nutrient compositions of commonly consumed brands and types of margarines, cooking fats, and processed foods analyzed in the same laboratory as that used for our plasma fatty acid analyses; this updated database (the Harvard Food Composition Table) was used in this study. 7DDR fatty acid variables were derived based on the Nutrition Data System for Research 2011 database (42, 43) ; therefore, data for some specific isomers of certain fatty acids were not derived. Results for fatty acid composition focused on total saturated fatty acids, total monounsaturated fatty acids, total polyunsaturated fatty acids, total trans-fatty acids, and several specific polyunsaturated fatty acids (linoleic acid, α-linolenic acid, and the long-chain n-3 fatty acids). Carotenoids and tocopherols analyzed in this study included α-carotene, β-carotene, β-cryptoxanthin, lutein-zeaxanthin, lycopene, α-tocopherol, and γ-tocopherol; we also included retinol. The dietary folate equivalent value (the sum of natural food folate (μg) and 1.7 × total synthetic folic acid (μg)) was compared with the plasma folate level. Nutrients assessed by means of the ASA24 did not account for supplements; however, the amounts used for most types of fatty acids (except n-3 fatty acids), α-carotene, β-cryptoxanthin, lutein-zeaxanthin, and lycopene were quite small and could be considered ignorable in comparison with intake from food. For long-chain n-3 fatty acids, β-carotene, retinol, α-tocopherol, and folate, we conducted separate analyses for women not taking a supplement containing the corresponding nutrient.
Biomarker measurements
DLW is considered the gold standard for measurement of total energy expenditure among free-living persons. Total daily energy expenditure (kcal/day) was obtained from DLW data. Biochemical indicators of protein (g/day), sodium (mg/ day), and potassium (mg/day) intakes were obtained from 24-hour urinary data. Urinary values for nitrogen, sodium, and potassium were calculated by multiplying urinary concentration by reported total urine volume. Urinary nitrogen level (in grams) was divided by 0.81 to convert the measurement to dietary nitrogen and was then multiplied by 6.25 to obtain dietary protein intake (g/day) (44) . Urinary values were divided by 0.86 for sodium and 0.80 for potassium to convert them to the corresponding dietary values (mg/day) (9, 45). We collected plasma samples to measure specific fatty acids and carotenoids, retinol, tocopherols, and folate. Standard measures of blood lipids (total cholesterol, high-density lipoprotein cholesterol, and triglycerides) were used to adjust for variation in carotenoids, retinol, and tocopherols. Methods used for biomarker assessment are described in detail in the Web Appendix (available at https://academic.oup.com/aje).
In the final analysis, we included 627 participants with data from SFFQ2, SFFQ1, the WebFFQ, and at least 1 of the following methods: 7DDR (626 women completed weeks 1 and 2), ASA24 (80, 117, 196 , and 234 women completed 1, 2, 3, and 4 ASA24s, respectively), 24-hour urinary measurement (607, 600, 605, and 609 women completed days 1, 2, 3, and 4, respectively), fasting blood measurement (for fatty acids/carotenoids, 615 and 306 women completed blood samples 1 and 2, respectively; for folate, 456 completed blood samples 1 and 2), or DLW measurement (624 women with measurements spread out over the year; 76 underwent a second DLW measurement approximately 6-12 months later).
Statistical analysis
Average daily intakes of energy, protein, sodium, potassium, specific fatty acids, carotenoids, tocopherols, and folate estimated from the SFFQs, ASA24s (mean = 2.9 days), and 7DDRs (mean = 14 days) were compared with converted absolute values or concentrations measured by the corresponding biomarkers. Log transformation was performed for nutrients and biomarkers to increase normality. Sodium:potassium ratio was calculated as the sodium value divided by the potassium value. Energy-adjusted intakes are of greatest importance because people alter their intakes of specific nutrients primarily by changing the composition of their diet, keeping total energy constant (1, 46) . Therefore, for recovery biomarkers and associated self-reported nutrients, we calculated energy-adjusted protein intake (percentage of total energy derived from protein) and sodium and potassium intakes (the ratio of nutrient intake (mg) to energy intake (1,000 kcal)) (1). Notably, biomarker energy-adjusted nutrient values were calculated using DLW measurements collected during the same study phase with urinary recovery biomarkers, which led to a reduced sample size in each phase and the use of 1 24-hour urine measurement for most participants.
For concentration biomarkers, to remove variation in plasma nutrient levels due to nondietary factors, we obtained fatty acid residuals from multivariate linear regression of each fatty acid composition on the following covariates: age (years), body mass index (weight (kg)/height (m) 2 ) at enrollment, current weight (pounds), current smoking status (yes, no), menopausal status (yes, no), use of hormone replacement within the past 6 months (yes, no), and fasting status (≥8 hours, <8 hours) at each blood drawing; fat-soluble carotenoid, retinol, and tocopherol residuals were calculated by additionally adjusting for levels of plasma lipids (total triglycerides and total cholesterol). For self-reported nutrient intakes that were compared with concentration biomarkers, residuals were calculated using models adjusting for total energy intake, age, body mass index at enrollment, current weight, and current smoking status. To further reduce the influence of extreme nutrient distributions, the subsequent analyses were based on the rank scale.
To assess the reproducibility of repeated SFFQ, ASA24, 7DDR, and biomarker measurements, we calculated rank intraclass correlation coefficients (ICCs) for each nutrient. For assessment of the relative validity of each method, the average of the biomarker measurements, repeated at an interval of at least several months over a 15-month period, served as the objective comparison method. We calculated Spearman correlation coefficients (r s ) and their 95% confidence intervals for correlations between nutrient intakes reported on single and averaged ASA24s, SFFQs, and 7DDRs and the corresponding intakes measured by biomarkers. In general, correlations of 0.4-0.6 (moderate correlations) with a relative "gold standard" are considered to represent a reasonably valid measurement (6) . Because random within-person variation in the biomarker measurements will attenuate these correlations, we deattenuated correlation coefficients to reduce the effect of random error in the comparison methods (47, 48) , using a method to account for the variable number of repeats of the comparison method (48) (49) (50) (51) . Linear mixed models that account for dependent correlation coefficients were used to evaluate the relative validity of nutrients assessed by means of different self-reporting methods.
RESULTS
At baseline, participants had a mean age of 61 years and a mean body mass index of 26.5. Participants were predominantly white (91%), and 2% were current smokers. The subgroups with different repeated measurements of biomarkers had characteristics similar to those of the overall population ( Table 1) .
The distributions of mean daily nutrient intakes or concentrations are shown in Table 2 . Compared with biomarkers, total energy intake, sodium intake, and sodium density were underreported by all self-reporting methods. Notably, the SFFQ was not targeted on sodium and did not seek information on added salt. SFFQ-assessed protein intake was similar to that of the biomarkers; however, 7DDR and ASA24 tended to underestimate protein intake. Protein density was slightly overestimated by these methods due to greater underreporting of total energy intake than of protein intake. Potassium intake was underreported by both ASA24 and 7DDR and was slightly underreported by SFFQ. The ASA24-assessed sodium:potassium ratio was similar to that of the biomarkers; however, the SFFQ and 7DDR tended to underreport sodium:potassium ratio. Fatty c The first DLW was completed over a 1-year period (n = 164, n = 162, n = 153, and n = 145 in each phase of the study; total n = 624). The second DLW was completed at 9 months (n = 28), 12 months (n = 26), or 15 months (n = 22).
d Weight change was estimated over the 12 months of the study period. e Weight (kg)/height (m) 2 . Abbreviations: ASA24, Automated-Self-Administered 24-Hour Dietary Recall; 7DDR, 7-day dietary record; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; N/A, not applicable; NS, nonsupplement subgroup; PUFAs, polyunsaturated fatty acids; SD, standard deviation; SFFQ, semiquantitative food frequency questionnaire.
a Nutrient values are presented using the average of repeated measures for each method: 627 participants completed an average of 1.1 doubly labeled water measurements, 3.9 urinary biomarker measurements, 1.5 measurements of all plasma biomarkers except folate, 1 SFFQ2, 2 weeks of 7DDR, and an average of 2.9 days of ASA24. A total of 456 participants completed 2 plasma folate biomarker measurements. Mean values and standard deviations were calculated using untransformed variables. b SFFQ2 was the SFFQ completed at the end of the data-collection year. c Nutrient density was calculated using the concurrent energy assessment. d For concentration biomarkers, the nutrient units for biomarkers and self-reporting methods are not directly comparable. The unit for fatty acid biomarkers is percentage of total fatty acids, while the unit for self-reported fatty acid intake is percentage of total fat. e Subgroup of women not taking a supplement containing the corresponding nutrient. f The unit for carotenoid/retinol biomarkers is μg/L, while the unit for self-reported carotenoid/retinol intake is μg/day. g The unit for tocopherol biomarkers is mg/L, while the unit for self-reported tocopherol intake is mg/day. h The unit for folate biomarkers is ng/mL, while the unit for self-reported folate intake is μg/day. b Protein, sodium, and potassium values from self-reporting measures and recovery biomarkers were adjusted for total energy intake using the energy density method. Values for concentration biomarkers and associated self-reported nutrients were adjusted for age and body mass index at enrollment, current weight, and smoking status at each measurement. Self-reported nutrient values were further adjusted for total energy intake (except for fatty acid composition). Concentration biomarker values were further adjusted for postmenopausal status, hormone use, and fasting status at blood drawing. Plasma carotenoid, retinol, and tocopherol values were additionally adjusted for plasma lipid levels.
c Subgroup of women not taking a supplement containing the corresponding nutrient. d The unit for carotenoid/retinol biomarkers is μg/L, while the unit for self-reported carotenoid/retinol intake is μg/day. e The unit for tocopherol biomarkers is mg/L, while the unit for self-reported tocopherol intake is mg/day. f The unit for folate biomarkers is ng/mL, while the unit for self-reported folate intake is μg/day.
acid intakes (percentage of total fatty acids) estimated by each SFFQ, by 2 7DDRs, and by 4 ASA24s were approximately comparable. Compared with 7DDR measures for carotenoids, retinol, α-tocopherol, and folate, SFFQ2 tended to overestimate the absolute intakes. Mean intakes for these nutrients from the ASA24 were generally similar to estimates from 7DDRs.
Reproducibility
As Table 3 shows, data for all evaluated nutrients were moderately-to-highly reproducible by 2 SFFQs spaced 1 year apart (ICC = 0.40-0.75). The reproducibility of unadjusted nutrient intakes measured by 2 7DDRs with a 6-month interval was high for most nutrients (ICC = 0.24-0.78), with values generally being lower for carotenoids (ICC = 0.24-0.53). As expected, nutrient intakes estimated by ASA24 repeated every 3 months over a year had relatively low reproducibility (ICC = 0.11-0.37). For DLW, among 76 participants with 2 DLW measurements, the ICC was 0.72 if repeated after 6 months, 0.78 if repeated after 9 months, and 0.64 if repeated after 12 months; for all 76 women, the ICC for DLW-assessed total energy was 0.71 with an average interval of 8.8 months between replicated measurements. For absolute intakes of protein, sodium, and potassium, the reproducibility of biomarkers measured every 3 months over 1 year was low to moderate (ICC = 0.37-0.56). Most plasma nutrient concentrations were moderately-tohighly reproducible, except total saturated fatty acids (ICC = 0.21) and trans-fatty acids (ICC = 0.25). Almost all ICCs were reduced after adjustment for total energy intake energy and several dietary and nondietary factors. The lower ICCs for most nutrients measured by ASA24 and biomarkers indicated large day-to-day within-person variation in nutrient intakes over the 1-year interval. Within-person and between-person coefficients of variation for repeated assessments of nutrients estimated by means of different methods are presented in Web Table 1 .
Validity assessed by ranking of individuals according to intake
Utilizing recovery biomarkers as the comparison methods, the deattenuated Spearman correlation coefficients (r) for intakes of energy-adjusted protein, sodium, and potassium were similar among averaged ASA24s (r = 0.54, r = 0.36, and r = 0.52), the paper SFFQ2 (r = 0.46, r = 0.48, and r = 0.49), and the WebFFQ (r = 0.46, r = 0.46, and r = 0.42). The correlations of the averaged 7DDRs with biomarkers (r = 0.67, r = 0.54, and r = 0.64) were higher than those for the SFFQs and ASA24s (Figure 2 and Web Table 2 ). The correlations were lower without adjustment for energy and within-person variation (Web Table 2 ). For energy intake, we observed low correlations for both averaged ASA24 (r = 0.20) and SFFQ2 (r = 0.11) and modest correlation for 7DDR (r = 0.46). Correlations with biomarkers were slightly and nonsignificantly higher for the average of SFFQ1 and SFFQ2 than for SFFQ2 alone. Likewise, correlations were only slightly and nonsignificantly higher for the average of 2 7DDRs versus 1 7DDR (Web Table 3 ).
Correlations between nutrient intakes assessed via the 3 selfreporting methods and measured blood concentrations varied Tables 2 and 3 . Bars, lower 95% confidence limit.
from weak to strong after adjustment for energy and several dietary and nondietary factors and correction for random withinperson variation in the biomarkers (Figures 3-5 , Web Tables 4  and 5 ). Notably, after adjustment for energy intake, the additional adjustments for other dietary and nondietary factors made little difference in the correlation coefficients. Because plasma levels of saturated fatty acids, monounsaturated fatty acids, and retinol are largely not determined by intake, as expected, Spearman correlation coefficients for correlations between self-reported intakes of these nutrients and corresponding plasma levels were generally low for all self-reporting methods, even after correction for the random within-person variations in the comparison method. The deattenuated and adjusted correlations between averaged ASA24 records and biomarkers were 0.10 for saturated fat, 0.07 for monounsaturated fatty acids, 0.27 for α-linolenic acid, 0.36 for long-chain n-3 fatty acids, 0.13 for linoleic acid, 0.14 for polyunsaturated fatty acids, and 0.25-0.45 for most carotenoids. Among women who did not take supplements, averaged
ASA24s performed similarly to SFFQ2 in estimating folate intake ( Figure 5 ). For most nutrients, compared with averaged ASA24s, the SFFQ2 had relatively higher correlations with biomarkers, especially for long-chain n-3 fatty acids (r = 0.58). The WebFFQ and the paper SFFQ2 had similar correlations with biomarkers of fatty acids, carotenoids, retinol, tocopherol, and folate (Web Tables 4 and 5 ). Two SFFQs had validity generally similar to that of 1 7DDR; the validity of the averaged 7DDRs was generally slightly but nonsignificantly higher than that of a single 7DDR (Web Tables 6 and 7) . The results for all specific fatty acids are shown in Web Tables 8-10 .
DISCUSSION
Utilizing both recovery and concentration biomarkers, we examined the pairwise correlations between 3 self-reporting dietary assessment methods and corresponding biomarkers Tables 4 and 6 . Bars, lower 95% confidence limit.
in the estimation of nutrient intakes, including intakes of total energy, protein, sodium, potassium, specific fatty acids, specific carotenoids, retinol, tocopherols, and folate. These data provide an indication of relative validity for assessing diet over a 15-month period; for recovery biomarkers, they also provide an indication of absolute validity, assuming the biomarkers have no systematic within-person error (person-specific bias). Judged by their correlations with the biomarkers, the average of approximately 3 ASA24s performed similarly to the SFFQ2 in estimating energy-adjusted protein, sodium, and potassium intakes. For absolute energy intake, we observed low correlations of both ASA24 and SFFQ with biomarkers. However, for almost all nutrients with concentration biomarkers, we observed a pattern that SFFQ2 had better performance than averaged ASA24s. In general, relative to biomarkers, single and averaged ASA24s had lower validity than SFFQ2; SFFQ2 had slightly lower validity than 1 7DDR, while the averaged SFFQs had validity similar to that of 1 7DDR; and the averaged 7DDRs had the highest validity. The average of 2 SFFQs had slightly higher validity than SFFQ2. Notably, 2 7DDRs performed only slightly better than 1 7DDR, suggesting that 2 7DDRs completed at an interval of about 6 months approaches the maximal potential validity for dietary assessment conducted by this method. These study findings greatly extend those from comparisons of different dietary assessment methods using only recovery biomarkers (8) (9) (10) (11) (12) (13) (14) , which exist for only a few nutrients. Recovery biomarkers of dietary intakes are considered an objective "gold standard" for validation of other dietary methods; however, they still have many limitations due to high day-to-day variations and very high costs. In a previous study, the Observing Protein and Energy Nutrition (OPEN) Study (14) , dietary recalls had higher correlations with biomarkers than an FFQ, and it was suggested that validation studies using diet records or recalls as the comparison method may seriously overstate validity of an FFQ because of correlated errors. However, this conclusion was based on a single nutrient, protein, which behaves differently from most nutrients due to limited between-person variation. Furthermore, the relatively short time interval between repeated measurements of biomarkers would underestimate the validity of the SFFQs because the long-term variation in biomarker measurement was not well captured (16) . In our study, for protein, sodium, and potassium density assessed by SFFQ2, the deattenuated correlations with their biomarkers were 0.46, 0.48, and 0.49 respectively, which were only slightly lower than the correlations between SFFQ intakes with 7DDRs reported in our previous study (r = 0.54, r = 0.53, and r = 0.65, respectively) (40). Our observed correlations were also similar to the reported results from a recent pooled analysis of 5 validation studies (n = 484, n = 263, n = 524, n = 544, and n = 450), which documented that the averaged correlations between FFQ and biomarkers were 0.43 for protein density, 0.32 for sodium density, and 0.47 for potassium density (8, 9) . These findings suggest that SFFQ2 had moderate validity for many nutrients (except absolute energy intake) using recovery biomarkers as the comparison method and that its validity was not seriously overestimated when dietary records were used as the comparison method. Tables 5 and 7 . The unit for carotenoid biomarkers is μg/L, while the unit for self-reported carotenoid intake is μg/day. Bars, lower 95% confidence limit.
Our study observed weak correlations for saturated fatty acid, monounsaturated fatty acids, and several other endogenously synthesized fatty acids, whereas fatty acids of mainly exogenous origin had higher correlations with biomarkers for SFFQ and 7DDRs. Previous studies also found modest-to-strong correlations between n-3 fatty acid, trans-fat, and linoleic acid intakes measured from an FFQ and biomarkers measured in plasma (52) , erythrocytes (53), or adipose tissue (18, 27, 54) . For carotenoids, α-tocopherol, and folate, we observed moderate-to-high correlations between the SFFQ and biomarkers (r ranged from 0.33 for lycopene to 0.65 for α-tocopherol), similar to most existing studies (6, 26) . We also observed similar performance of the Web-based SFFQ and the paper version in comparison with both recovery and concentration biomarkers. Our study found that multiple ASA24s tended to have lower correlations with biomarkers for carotenoids and fatty acids, compared with estimates by SFFQs, presumably due to large day-to-day variation in intakes of these nutrients. For example, long-chain n-3 fatty acids are mainly derived from fish, which is an episodically consumed food, and a single ASA24 works poorly in assessing the intake of long-chain n-3 fatty acids. The performance of the average of 3 days of ASA24 was improved but was still not as good as a single SFFQ2. This limitation of dietary recalls likely also applies for many episodically consumed foods, such as specific vegetables, fruits, legumes, and nuts (55) .
Among the intake methods used in this study, the 2 7DDRs had the strongest correlations with biomarkers of intake, presumably because of a total of 14 days of open-ended, weighed, and recorded intake and the detailed coding of foods. The high costs and participant burden of this method preclude its use in large studies, particularly if repeated assessments over time are needed. In addition, the 2 7DDRs should not be completed too close together in time, in order to capture seasonal variability in diet. Multiple ASA24s did not perform as well as the paper and Web SFFQs.
Concentration biomarkers are subject to many potential errors when used as the standard for dietary assessment, including individual differences in nutrient absorption and metabolism, endogenous synthesis, homeostatic control mechanisms, interactions with other nutrients, turnover in the targeted tissue, dayto-day or seasonal variations in dietary intakes, and technical error associated with laboratory measurement. However, they are of value in assessing the relative validity of different dietary intake methods. The interpretation of these results could be enhanced by calibration of these biomarkers to absolute intake in controlled feeding studies. Further validation studies could incorporate additional dietary biomarkers and evaluate the changes in biomarker levels in response to changes in diet. Further studies are needed to address the effects of potential systematic within-person errors in the biomarkers when used as standards to assess validity. Tables 5 and 7 . The unit for retinol biomarkers is μg/L, while the unit for self-reported retinol intake is μg/day. The unit for tocopherol biomarkers is mg/L, while the unit for self-reported tocopherol intake is mg/day. The unit for folate biomarkers is ng/mL, while the unit for self-reported folate intake is μg/day. Bars, lower 95% confidence limit.
To the best of our knowledge, this is the largest validation study using multiple dietary assessment measures and biomarkers to have been carried out to date. By design, all short-term dietary assessment methods were repeated at reasonable time intervals (at least 3 months apart) to capture the variation in diet over a period of 15 months, and we did not administer those methods closely in time (they were administered 1-5 weeks apart from each other and in random order) in order to avoid artificially high correlations. In addition, note that the biomarker assessments were still more proximal to the period assessed by the ASA24 than the period assessed by the SFFQs. This could potentially cause overestimation of ASA24 correlations with long-term true intake and underestimation of SFFQ correlations (41) . Investigators should consider these temporal relationships when designing future validation studies (6). Our study also had some limitations. Study participants were registered female nurses from the Nurses' Health Study and Nurses' Health Study II cohorts. Thus, our results may not be generalizable to other populations, such as those with large proportions of racial/ethnic minorities, persons with diagnosed chronic diseases, or men. Further, differences in food composition tables used for the various dietary assessment methods may also contribute to differences between the 3 methods, although this difference was minimized in our study because the nutrient databases used to analyze the 3 different dietary methods were partly based on US Department of Agriculture data.
In conclusion, our findings document that the SFFQ and dietary records, especially 2-week averages, provide reasonably valid measurements of a wide variety of energy-adjusted nutrient intakes. In general, multiple days of weighed diet records provide an optimal assessment of the dietary factors evaluated in this study, but for most nutrients, the validity of the SFFQ was only modestly less than that of the diet record. Because of its far lower cost and participant burden, the SFFQ will continue to play an important role in studies of diet and health. The optimal number of 24-hour recalls needed for measures to be comparable to those from an SFFQ requires further evaluation, but a small number of days will be inadequate for assessment of some nutrients.
